Abstract-Microbubble whispering-gallery resonators have shown great promise in fiber-optic communications because of their low confinement loss and hollow cores, which allow for facile stress-based tunability. Usually, the transmission spectrum of taper-coupled microbubbles contains closely spaced modes due to the relatively large radii and oblate geometry of microbubbles. In this letter, we develop an optical add-drop filter using a microbubble coupled to fiber taper and angle-polished fiber waveguides. Because of the extra degree of freedom in the angle of its polish surface, the angle-polished fiber can be used for the discriminatory excitation of certain radial-order modes in the optical microcavity, reducing the high modal density and enhancing add-drop selectivity. Our robust and tunable add-drop filter demonstrated a drop efficiency of 85.9% and quality factor of 2 × 10 7 , corresponding to a linewidth of 9.68 MHz. As a proof of concept, the drop frequency was tuned using internal aerostatic pressure at a rate of 7.3 ± 0.2 GHz/bar with no diminishing effects on the add-drop filter performance.
I. INTRODUCTION
O PTICAL whispering gallery mode (WGM) microresonators [1] , whose ultra-high quality factors (Q) and small modal volumes allow for the compact confinement of high optical power, have found use in many photonics applications such as lasing [2] , [3] , nonlinear optics [4] , sensing [5] , and fiber-optic communications [1] , [6] . In the case of optical multiplexing, add-drop filters (ADFs) have been demonstrated with microtoroid [6] , [7] , microsphere [8] , [9] , microring [10] , [11] , photonic crystal [12] , [13] , and microbubble [14] , [15] WGM resonators. Microbubbles are desirable for their narrow linewidth [16] and convenient stressbased tunability. The resonant wavelength can be tuned by elastically distorting the hollow microbubble structure, such as by applying internal aerostatic pressure [17] , [18] the ends lengthwise with a piezo [14] . These methods are advantageous compared with conventional temperature-based tuning of ADFs, decreasing wavelength tuning response time and eliminating the need for heating elements. Light is typically coupled into microbubbles with the fiber taper coupler [14] - [16] . The transmission spectrum of the taper-coupled microbubble usually displays a high modal density [16] , [19] because the oblate profile and high modal volume of the microbubble support many nondegenerate axial modes. A high modal density diminishes add-drop selectivity and performance. Previous solutions to reducing the modal density include changing the taper's coupling position [20] - [22] or engineering a dampening element [19] , [23] , however these introduce additional coupling or scattering losses that broaden the linewidth and reduce the drop efficiency. In this letter, we demonstrate a microbubble-based ADF using fiber taper and angle-polished fiber (APF) couplers. The APF is essentially a prism coupler combined with a fiber waveguide [24] , making it more robust than the taper and easily integrable into fiber-based photonic circuits without the need for collimating optics. We investigate the phasematching requirements for the APF that enable the discriminatory excitation of WGMs compared with the taper, reducing the modal density in the transmission spectra. This will provide a new approach to selectively couple modes of interest to the dropping channel of ADFs.
II. PRINCIPLE Fig. 1 depicts the configuration of the ADF composed of a microbubble resonator between a fiber taper and an APF. The WGM modes in the microcavity couple to the waveguide modes in the APF according to the phase-matching condition [24] cos ϕ = n microbubble /n f iber where ϕ is the angle of the polished surface as defined in Fig. 1 , n microbubble is the effective refractive index for circumferentially propagating WGMs in the resonator, and n f iber is the effective refractive index for waveguide modes in the APF. The polish angle ϕ of the APF coupler can be chosen to differentially excite certain radial-order WGMs in the microcavity. This degree of freedom is not accessible in the fiber taper coupler.
The fiber taper acts as the bus waveguide and the APF acts as the add/drop waveguide in the ADF. The transmission coefficient T can then be expressed as [7] T 1→2 = P through
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where P in is the input power at port 1, P through is the collected power at port 2, κ 0 is the total intrinsic loss for the resonator (combined material, scattering, and radiation losses), κ 1 and κ 2 are the coupling losses between the microbubble and the two couplers, and is the detuning between the laser and resonance frequencies. Transmission at resonance, when = 0, simplifies to
and denotes the crosstalk of the ADF. Similarly, drop efficiency coefficient D 1→3 at resonance can be written as
where P drop is the power dropped at port 3 and P in is the power inputted at port 1. From Eq. (2), the critical coupling condition for zero crosstalk is satisfied when κ 1 = κ 0 + κ 2 . Treating intrinsic resonator loss κ 0 as fixed while coupling is being tuned, the drop efficiency can be maximized when κ 1 = κ 2 and κ 1 , κ 2 κ 0 . However, such conditions increase coupling losses, decrease loaded Q, and broaden the linewidth of the ADF. Thus, both Q and D 1→3 cannot be simultaneously maximized. Tuning of these parameters requires precise control of κ 0 , κ 1 , and κ 2 .
III. EXPERIMENT
We fabricated microbubbles with fused silica capillary tubing (Polymicro Technologies, 150 μm OD, 75 μm ID) using the fuse-and-blow technique [17] . Our microbubble resonator had an outer diameter of 256 μm and an equatorial wall thickness of 19 μm. The fiber taper was fabricated by heating a single-mode optical fiber with a hydrogen flame while pulling it apart axially [22] . The taper had a diameter of ∼2 μm at its waist. The APF was fabricated by cleaving a single-mode optical fiber at a right angle and polishing it with 1-μm diamond lapping paper until the desired angle was achieved. Our APF had a polish angle of 19.9 • , which we predicted would optimally excite first-radial-order modes in our fabricated microbubble based on its dimensions and elongated profile..
The fiber taper was positioned in the x-direction defined in Fig. 1 , tangent to the equator of the spherical microcavity. The microbubble was positioned on an xyz-stage with its polar axis aligned vertically in the z-direction. The xyz-stage was used to fine-tune the coupling gap between the microbubble and the fiber taper. The APF was mounted on another xyz-stage, which was used to fine-tune the coupling gap between the APF and the microbubble. Fig. 2 outlines the experimental setup used to characterize the microbubble ADF. A tunable laser centered at 1550 nm was inputted at port 1 with a scanning range of 30 GHz, which coincides with the typical telecommunications wavelength band. The transmission spectrum through the fiber taper was collected at port 2. Light of resonant wavelength coupled into the resonator and was subsequently collected by the APF at port 3. WGM resonances are reflected by dips in the port 2 transmission and peaks in the port 3 transmission. Fig. 3(a) shows a typical transmission spectrum for the add-drop configuration over 0.24 nm. The top curve corresponds to the transmission spectrum propagating through the fiber taper (Port 2), and the bottom curve corresponds to the spectrum collected by the APF (Port 3). There is clearly not a one-to-one correspondence between the two spectra. The waveguide modes in the fiber taper couple to many WGMs in the cavity, yielding many dips. Of those, only a fraction couple out of the microcavity to the APF waveguide modes, yielding fewer peaks with varying intensities. Fig. 3(b) shows a typical transmission spectrum over 10 nm with coupling conditions different from those for Fig. 3(a) . The free spectral range for the microbubble is estimated to be ∼2.0 nm. The modal density for each spectrum is computed by counting the peaks/dips that exceeded the baseline noise level when there is no coupling to the microbubble. The modal density of the taper spectrum is measured as 707 modes/nm and that of the APF spectrum is 191 modes/nm, corresponding to a reduction in modal density of ∼73%. The significant difference in WGM excitation is attributed to the extra degree of freedom in the polish angle ϕ for the APF, which allows for the selective excitation of certain groups of WGMs different from those excited by the fiber taper.
The loading curves were obtained for the same microbubble, fiber taper, and APF configuration. Starting at no coupling, the microbubble was moved closer to the fiber taper in steps of 0.05 μm until physical contact was made. The intrinsic resonator loss κ 0 for the microbubble at the fixed z-position was found from the Lorentzian line shape as the coupling evolved from the deep undercoupling to deep overcoupling regimes. The coupling gap between the fiber taper and the resonator was then kept in the deep overcoupling regime at the fixed κ 0 , and the APF was introduced with the other xyz-stage. Fig. 4(a) highlights the spectrum with the high drop efficiency of 85.9% and Q of 2 × 10 5 . Fig. 4(b) highlights the spectrum with drop efficiency of 16.6% and high Q of 2 × 10 7 , which corresponds to a linewidth of 9.68 MHz (0.0775 pm). The drop efficiency D is calculated as the ratio of the collected power at port 3 (height of the peak) over the input power at port 1 (height of the dip). Fig. 4(c) depicts the loading curves for the ADF configuration. We recorded drop efficiency D while varying κ 2 (the coupling gap between the APF and microbubble) using the xyz-stage in steps of 0.05 μm. Moving the APF closer to/farther from the microbubble increased/decreased κ 2 , while κ 0 and κ 1 -the coupling configuration (xyz-positions) between the microbubble and fiber taper-were held constant. The data were collected for different κ 1 values by changing the x-position of the fiber taper relative to the microbubble and APF, thus altering the taper thickness at the coupling position. Executing the adddrop analysis in this way identifies the values for κ 0 , κ 1 , and κ 2 , which are used for curve fitting the plots with Eq. (3). Intrinsic resonator loss κ 0 is measured to be 1.0×10 9 s −1 , and coupling loss κ 1 varies from 0.06 × 10 9 s −1 to 2.0 × 10 9 s −1 . These results match with the theory and suggest that the tradeoff between drop efficiency, crosstalk, and quality factor can be easily optimized in the APF-taper system by tuning the two coupling gaps. The presented ADF possessed high stability during the measurement of the loading curves, and the positions of the microresonator and two couplers can be tuned independently of each other to achieve precise and reproducible configurations.
As a proof of concept, we demonstrate the stress-based tunability of the ADF. Internal aerostatic pressure can expand the microbubble structure and alter the optical path of the WGMs, thus red-shifting their resonant wavelengths [17] . The pressure tuning sensitivity is proportional to the microbubble diameter and inversely proportional to its wall thickness. The microbubble used had a major diameter of ∼592 μm and wall thickness of ∼6.5 μm. Based on these dimensions and the mechanical properties of fused silica, the theoretical pressure sensitivity was calculated to be 7.1 GHz/bar. One end of the microbubble was sealed during fabrication while the other end was connected to a closed pneumatic system, with a two-valve pressure gauge and piston controlling the internal gas pressure. The fiber taper and APF maintained physical contact with the microresonator, ensuring that the coupling gaps did not change during the expansion of the microbubble. The taper and APF transmission spectra were recorded as pressure was increased from 0 to 2 bars. Fig. 5(a) depicts the mode frequency shift as a function of pressure. The linear fitting reveals a pressure sensitivity of 7.3 ± 0.2 GHz/bar, which agrees with the theoretical value. Fig. 5(b) shows that the drop efficiency remained constant at 41.7 ± 2.2% and Q remained constant at 1.10 ± 0.08 × 10 5 over the pressure range. There is thus no dependency of drop efficiency or linewidth on the applied pressure or drop frequency. The drop frequency can be tuned over tens of GHz without affecting the ADF performance.
IV. CONCLUSION
In conclusion, we have demonstrated a highly efficient and tunable ADF using a microbubble resonator with an APF coupler. The hollow core of the microbubble lends it facile stress-based tunability of the drop frequency without diminishing the ADF performance. The polish angle ϕ of the APF coupler can be chosen to differentially excite certain radial-order WGMs in the microcavity. The APF coupler greatly reduces the high modal density of the taper-coupled spectrum by ∼ 73%, thereby enhancing the add-drop selectivity. We report a drop efficiency as high as > 85% and Q as high as 2 × 10 7 . Future applications can use the capillary technology of hollow WGM resonators to support various fluids and gases for different material advantages, such as higher thermal stability, to improve the ADF. The highly efficient and robust APF can be used to couple to different resonator geometries, e.g. microtoroids and microspheres, for efficient and discriminatory excitation of WGMs.
